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a  b  s  t  r  a  c  t
In this  study,  degradation  of  an  industrial  textile  dye  by  electrochemical  oxidation  (EO)  approach  has
been  performed  in  an  aqueous  medium.  The  galvanostatic  electrolysis,  through  the  use  of the  platinum
supported  on Ti (Ti/Pt),  lead  dioxide  (Pb/PbO2) and  TiO2-nanotubes  decorated  with  PbO2 supported  on  Ti
(Ti/TiO2-nanotubes/PbO2)  anodes,  were  conducted  in  an  electrochemical  ﬂow  cell  with  1.0 L  of  solution
containing  250  mg  dm−3 of the textile  dye Acid  Blue  113  (AB113)  using  Na2SO4 as supporting  electrolyte,
applying  20, 40 and  60 mA  cm−2.  Large  disk  electrodes  of  Ti/TiO2-Nanotubes/PbO2 (65 cm2 of  geometrical
area)  were  successfully  synthesized  by anodization  and electrodeposition  procedures.  The  electrolytic
process  was  monitored  by  the  UV–visible  spectrometry  and the chemical  oxygen  demand  (COD).  Thezo dye
ater treatment
results  showed  that the  AB113  was successfully  degraded  by hydroxyl  radicals  electrogenerated  from
water  discharge  on  the  Ti/TiO2-Nanotubes/PbO2 electrode  surface.  Compared  with Ti/Pt and  Pb/PbO2,  the
Ti/TiO2-Nanotubes/PbO2 anode  showed  a better  performance  to remove  the  AB113. It  provided  a higher
oxidation  rate, higher  current  efﬁciency  and  consumed  less  energy  than  the  galvanostatic  electrolysis
using  the  other  electrodes.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
In the last 20 years, the electrochemical technologies have been
argely studied as innovative alternatives for removing organic
ollutants from wastewaters (Brillas and Martínez-Huitle, 2015).
mong them, Electro-oxidation (EO) (Martínez-Huitle and Ferro,
006; Rodrigo et al., 2010; Panizza et al., 2013; Ramírez et al., 2013;
rzúa et al., 2013; Sirés et al., 2014; Espinoza et al., 2014; Araujo
t al., 2014; Brillas and Martínez-Huitle, 2015; Thiam et al., 2015;
antos et al., 2015), electrocoagulation (EC) (Brillas and Martínez-
uitle, 2015), electro-Fenton (EF) and photoelectron-Fenton (PEF)
rocesses (Salazar et al., 2011, 2012; Salazar and Ureta-Zan˜artu
012; Garcia-Segura et al., 2013) have attracted great attention to
he water research community as eco-friendly and cost-effective
rocesses.
EO is the most widely used electrochemical method and it occurs
y direct reaction of pollutants present in the wastewater with
∗ Corresponding author. Fax: +55 84 3211 9224.
E-mail address: carlosmh@quimica.ufrn.br (C.A. Martínez-Huitle).
ttp://dx.doi.org/10.1016/j.enmm.2015.11.001
215-1532/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
physisorbed hydroxyl radicals (•OH) electrogenerated from water
discharge at the anode surface (M):
M + H2O → M(•OH) + H+ + e− (1)
The physisorbed hydroxyl radicals M(•OH) react with the pol-
lutants to give fully oxidized reaction products such as CO2, water
and inorganic salts. Different pollutants present in water have been
completely mineralized by employing EO (Martínez-Huitle and
Ferro, 2006; Urzúa et al., 2013; Espinoza et al., 2014; Araujo et al.,
2014; Sirés et al., 2014; Brillas and Martínez-Huitle, 2015).
Both, the electrochemical generation and chemical reactivity of
heterogeneous M(•OH) are dependent on the nature of the elec-
trode material. Intensive researches have been carried out with the
aim of producing more efﬁcient and stable anode materials (Samet
et al., 2006; Zhou and He, 2008; Martínez-Huitle and Panizza,
2010; Cano et al., 2011). In practice, the materials with large O2
overpotential are commonly chosen as anodes in EO treatment.
Boron-doped diamond electrode is the most suitable anode because
it generates greater amounts of reactive M(•OH) than other anodic
materials for EO (Santos et al., 2015; Araújo et al., 2015; Garcia-
Segura et al., 2015). However, the material acquisition cost and
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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heir higher energy consumption incentivize the use of alternative
heaper materials. PbO2 clearly emerges as an attractive electro-
atalytic material for removing organic compounds due to its high
xygen evolution potential, low price, relatively stable under the
igh positive potentials required, stability at high temperatures and
ase of preparation (Martínez-Huitle and Panizza, 2010).
The effectiveness of PbO2 electrode in EO process has been
learly conﬁrmed by several authors (Song et al., 2010; Carvalho
t al., 2011; Recio et al., 2011; Hmani et al., 2012; An et al., 2012), see
able 1. A common disadvantage when PbO2 electrodes are used
or EO approach is that corrosion phenomenon can occur on anode
urface dissolving Pb2+ ions and pollute the solution, limiting its
pplicability in some cases (Li et al., 2011). Between other anodes
or EO, platinum can be considered a good alternative (Sales Solano
t al., 2011, 2012; Molina et al., 2011; Oliveira et al., 2011; Pepió and
utiérrez-Bouzán, 2011; Fernández et al., 2012; Ammar  et al., 2012;
ibeiro et al., 2013; Ferreira et al., 2013). It is an stable electrocat-
lytic material that has been extensively used for electrochemical
egradation of organic pollutants, achieving high efﬁciencies for
ecolorization of organics by EO with pure Pt (Molina et al., 2011;
ernández et al., 2012; Ammar  et al., 2012) and Ti-supported Pt
nodes (Sales Solano et al., 2011,2012; Oliveira et al., 2011; Pepió
nd Gutiérrez-Bouzán, 2011; Tavares at al., 2012; Ribeiro et al.,
013; Ferreira et al., 2013) (see Table 1).
Therefore, the preparation of more stable PbO2 anodes is the aim
f recent investigations in order to increase its economic value and
ccelerate the practical applications of PbO2 electrodes in electro-
hemical technologies for water treatment. While the former can
e related to the use of dimensional stable anodes (DSA), the latter
nvolves the formation and growth of PbO2 inside nanostructures.
Nanotechnologies are contributing to prepare new materi-
ls with higher electrocatalytic properties that give innovative
lternatives to remove organic pollutants from waters by elec-
rochemical and photoelectrochemical process (Cerro-Lopez et al.,
014). Recent papers have also demonstrated that the preparation
f PbO2 electrodes mixed with other metals or titanium dioxide
anotubes provides an enhancement in the mineralization with
igh current efﬁciency of Reactive Red 195, Reactive Blue 194 and
ctive Black 194 dyes (Song et al., 2010; He et al., 2011; An et al.,
012).
For this reason, the aim of this study is to conduct an experimen-
al investigation on the removal of textile azo dye acid black 194
AB194) by EO in order to compare the effectiveness of three dif-
erent anodic materials. AB113 is a commercial and popular azo
ye, widely used for dyeing leather, wool, polyamide, and silk,
mong other materials. 1.0 L of synthetic wastewater containing
50 mg  dm−3 AB113 dye was treated with an electrochemical ﬂow
ell applying current densities of 20, 40 and 60 mA  cm−2, using
i/Pt, Pb/PbO2 and Ti/TiO2-nanotubes/PbO2 as anodes. Efﬁciency
f the color removal and mineralization, and cost associated to the
reatment were estimated for each anodic material.
. Experimental
.1. Chemicals and dye solution
The characteristics of the dye AB113 are shown in Table 2. The
ye was obtained from a textile industry at Santiago de Chile (Chile)
nd with no further puriﬁcation for use. Reverse osmosis water was
sed and chemicals anhydrous sodium sulphate, sodium chloride
ere purchased from Meyer. The dye solution was prepared by pre-
isely measured of dye AB113 to dissolve into 1.0 dm3 in distilled
astewater containing 0.2 M Na2SO4, obtaining a concentration of
50 mg  dm−3., Monitoring & Management 5 (2016) 13–20
2.2. Electrodes
Ti-supported Pt anode was  supplied by Industrie De Nora S.p.A.
(Milan, Italy). Pb/PbO2 electrode was prepared growing the anodic
oxide at a current density of 10 mA cm−2, in a 10% sulfuric acid
solution and at 25 ◦C, during 90 min  (Quiroz et al., 2005).
In the case of Ti/TiO2-nanotubes/PbO2 disk electrode, ﬁrstly
TiO2 nanotubes electrode was prepared according to anodic oxi-
dation method reported by Cerro-Lopez et al. (2014). In the
electrochemical procedure was  used a polished Ti disk with 10 cm
diameter (1.8 mm thick and nominal surface area of 63.5 cm2).
Before anodization of the Ti substrate (0.1 mm thick), the sam-
ple was sonicated in acetone, ethanol, and methanol successively,
for 15 min. Then, the anodizing process was performed using two-
electrode system (Ti disk serving as the anode and steel serving
as the cathode) in a mixture of glycerol and ultrapure water in a
1.3:1 ratio (v/v) containing 0.5 wt%  NaF and 0.2 M Na2SO4 as sup-
port electrolyte by applying 30 V for 2 h. After this procedure, the
Ti/TiO2-nanotubes disk was  immediately picked up from the elec-
trolyte, rinsed with ultrapure water and ﬁnally, the disk was dried.
The electrodeposition of PbO2 onto a Ti/TiO2-nanotubes disk array
was achieved using a galvanostatic method by using a solution of
0.25 M Pb(NO3)2 + 0.1 M HNO3 under a galvanostatic regimen by
applying 30 mA  cm−2 during 10 min  at 25 ◦C. No gas bubbling was
involved.
2.3. Surface Analysis of Ti/TiO2-nanotubes/PbO2
The surface morphology of Ti/TiO2-nanotubes/PbO2 deposits
were characterized using a scanning electron microscope and
diffraction electronic spectroscopy by using a Shimadzu Electron
Probe Microanalyzer EPMA-1720, while the crystalline phases
were determined with an X-ray diffractometer DRX Bruker model
D8Discover using Cu K ( = 1.54 Å) radiation.
2.4. Electrochemical Measurements
Potentiodynamic measurements (i.e. linear polarizations curves
(PC)) were carried out in room temperature by using AutoLab 302N.
Ti/Pt, Pb/PbO2 and Ti/TiO2-nanotubes/PbO2 were used as work-
ing electrode (4 cm2 of exposed area), while Ag/AgCl (3 M)  and Pt
wire were used as reference and counter electrode, respectively.
Quasi-steady polarization curves were carried out at a scan rate of
10 mV  s−1 using 1.0 M of H2SO4 as supporting electrolyte.
2.5. EO experiments
The experiments were made in a single compartment using
an electrolytic ﬂow cell with parallel plate electrodes for treating
1 dm3 of synthetic textile dye efﬂuent (Fig. 1). The experiments
were conducted under galvanostatic conditions using a power
supply MINIPA MPL-3305. Disk anodes (Ti/Pt, Pb/PbO2 and Ti/TiO2-
nanotubes/PbO2 with 10 cm in diameter) were used, exposing to
the aqueous solution a nominal surface area of 63.5 cm2, and tita-
nium as cathode. To assess the role of applied current density (20,
40 and 60 mA cm−2) several experiments were carried out by using
all electrodes.
D.C.d. Moura et al. / Environmental Nanotechnology, Monitoring & Management 5 (2016) 13–20 15
Table  1
Percentage of color and COD removals and energy cost for the electrochemical oxidation of selected dyes solutions using PbO2 and Pt anodes.
Dyea C0mg  dm-3 jb mA  cm-2 Electrolysis time/h % Color removal % COD decay Energy costc Ref.
PbO2 anode
Acid orange 52 (methyl orange) 0.25d 0.6e 2 100 28f -g Recio et al. (2011)
Basic yellow 2 (Auramine-O) 150h 50 4 -g 68 26.4 kWh  m−3 Hmani et al. (2012)
Reactive blue 194 30 150 0.5 90 24f -g An et al. (2012)
Reactive red 195 100 30 10 100 79f -g Song et al. (2010)
Pt anode
Acid red 2 (methyl red) 100 60 6.5 100 52f 75.2 kWh  m−3 Tavares et al. (2012)
Acid red 26 (Ponceau 2R) 50 200 2 100 15f -g Ribeiro et al. (2013)
Basic Blue 9 (methylene blue) 60 50 14 100 75 33.6 kWh  m−3 Oliveira et al. (2011)
(Novacron yellow) 250 60 6 92 40 163 kWh  m−3 Ferreira et al. (2013)
(Remazol red BR) 250 60 6 96 35 161 kWh  m−3 Ferreira et al. (2013)
a Color Index (common) name.
b Applied current density.
c Different units reported.
d mM concentration.
e Current (A).
f Percentage of TOC decay.
g Not determined.
h Initial COD (mg  dm−3).
Table 2
The characteristics of Acid Blue 113 (AB113).
Formula C32H21N5Na2O6S2
Azo dye C.I. Acid Blue 113
IUPAC name Disodium 8-anilino-5-[[4-(3-sulfonatophenyl) azo-1-naphthyl] azo] naphthalene-1-sulfonate
max 570 nm
MW  681.66 g mol−1
CI 26360
Solubility in water 40 mg  mL−1
Chemical structure
Fig. 1. Design of the electrochemical ﬂow cell: a) Different compartments of the cell: (A) anodic compartment (platinum supported on Ti (Ti/Pt), lead dioxide (Pb/PbO2) and
TiO2-nanotubes decorated with PbO2 supported on Ti (Ti/TiO2-nanotubes/PbO2) anodes), (B) electrolysis compartment and (C) Cathodic compartment. Image of electrolysis
compartment considering all parts: one inlet and outlet section and the electrolyte distribution in the central compartment toward electrode surfaces.
16 D.C.d. Moura et al. / Environmental Nanotechnology, Monitoring & Management 5 (2016) 13–20
F f PbO2
T
2
t
o
C
w
c
t
o
S
aig. 2. (a) SEM image of anodized Ti/TiO2-nanotubes, (b) magniﬁcation of grown o
i/TiO2-nanotubes.
.6. Analytical Methods
The decay in color of dye wastewaters during electrochemical
reatment is usually monitored from the decolorization efﬁciency
r percentage of color removal by:
olor removal (%) =
(
[ABS0
M − ABStM]
ABS0
M
)
× 100 (2)
here ABS0M and ABStM are the average absorbances (tripli-
ate measurements) before electrolysis and after an electrolysis
ime t, respectively, at the maximum visible wavelength (max)
f the wastewater determined from UV––vis spectrophotometry
PECORD 210 Plus Analytik Jena. We  also monitored the COD decay,
s a function of time through a multiparameter HANNA photome-crystals into Ti/TiO2-nanotubes and (c) SEM image of complete PbO2 deposit into
ter COD-HI 83,099, after digestion procedure. From this data, the
percentages of COD were calculated:
%CODremoval =
[
(COD0 − CODf)
COD0
]
× 100 (3)
where, COD0 and CODf represent the values before and at the end
of the electrolysis, respectively.
The energy consumption per volume of treated efﬂuent was
estimated and expressed in kWh  m−3. The cell voltage during the
electrolysis was  taken for calculation of the energy consumption,
as follows:
Energy consumption =
[
(E × I × t)
Vs
]
(4)
nology, Monitoring & Management 5 (2016) 13–20 17
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Fig. 3. (a) EDS spectrum regarding the composition analysis, showing that it corre-
sponds to TiO2. (b) EDS spectrum regarding the composition analysis, showing thatD.C.d. Moura et al. / Environmental Nanotech
here t is the time of electrolysis (h); E (volts) and I (amperes) are
he cell voltage and the electrolysis current, respectively; and Vs is
he sample volume (dm3).
.7. Gas Chromatography Mass Spectrometry (GC/MS) Analysis
GC–MS was used to characterize the degradation products of
he AB113. Separation and identiﬁcation of intermediates were
erformed by using a Thermo Scientiﬁc Focus gas chromatograph
oupled to a ISQ mass spectrometer. Samples were collected in
he end of each EO experiment and extracted using a SPE car-
ridge containing ﬁlters with a hydrophilic phase and acetonitrile
s eluent (10 mL  dicloromethane for 5 mL  of the sample). The ini-
ial oven temperature of 40 ◦C was programmed to hold 3 min  after
ncreasing 100 ◦C with heating ramp 12 ◦C/min; increasing 200 ◦C
ith heating ramp 5 ◦C/min to a ﬁnal temperature of 270 ◦C with
eating ramp 5 ◦C/min. The ﬁnal temperature was held for 5 min
esulting in a total analysis time of 47 min. Detection started after
 min  when injections were made with a syringe. 1 L liquid sam-
les were injected in splitless mode and injector temperature was
20 ◦C. The column VF5-MS, 15 m × 0.25 mm × 0.25 m (Varian),
ith a maximum temperature of 300 ◦C and the stationary phase
quivalent to 5% phenyl 95% dimethylpolysiloxane. Helium was
sed as carrier gas and ﬂow 0.8 mL/min. The ion source temper-
ture was maintained at 220 ◦C and the transfer line temperature
t 270 ◦C.
. Results and discussion
.1. Surface analysis of Ti/TiO2-nanotubes/PbO2
Ti/TiO2-nanotubes were successfully synthesized in solution of
lycerol and ultrapure water containing with NaF and Na2SO4 by
alvanostatic electrolysis with a potential of 30 V for 120 min. The
urface morphology of deposits was observed by SEM, showing
iO2 nanotubes with diameters of approximately 100–200 nm as
bserved in the images. The TiO2 nanotubes grow vertically on
he substrate and form a dense array (Fig. 2a). On the other hand,
bO2 crystals were successfully deposited onto Ti/TiO2-nanotubes
rrays, according to the Figs. 2b and 2c, by galvanostatic method
t 30 mA  cm−2 during 10 min  at 25 ◦C. The PbO2 deposit was com-
osed of orderly arranged tetragonal PbO2 crystals (Fig. 2c). These
etragonal crystals can organize in tree form when the electrodepo-
ition time is increased (Cerro-Lopez et al., 2014). For this reason,
he electrolysis time of 10 min  is very important to obtain homoge-
ous PbO2 deposit (Li et al., 2011; Cerro-Lopez et al., 2014).
Regarding the TiO2 nanotubes, EDS measurements were also
arried out at different spots (Fig. 3a) showed that the composition
orresponds to TiO2, which demonstrates that the nanotubes were
ynthetized. EDS (Fig. 3b) and XRD (Fig. 3c) measurements showed
hat PbO2 crystals were synthesized and, all XRD pattern peaks can
e indexed as -PbO2 phases. No peaks of any other phases or impu-
ities were detected, which also revealed that the pure PbO2 was
btained (Martínez-Huitle and Panizza, 2010; Li et al., 2011).
.2. Electrochemical measurements
It is well established that oxygen evolution reaction (OER)
esults from reactions in series and hydroxyl radicals are one of the
ost important intermediates produced during it. The ﬁrst com-
on  step is the discharge of water molecules to hydroxyl radicals
Eq. (1)). The following steps depend on the strength of the interac-
ion between hydroxyl radicals and the electrode surface which, in
urn, depends on the nature of the electrode material. From this,
wo classes of materials can be distinguished: “active” or “non-
ctive” electrodes (Marselli et al., 2003). It is well established thatthe thin ﬁlm corresponds to PbO2. (c) XRD spectrum from PbO2 deposit over TiO2
nanotubes showing that -PbO2 is its predominant crystalline structure.
at active electrodes, a strong interaction with hydroxyl radicals
exists and the oxygen evolution reaction occurs via the formation of
higher oxides (Martínez-Huitle and Ferro, 2006; Sirés et al., 2014).
In contrast, at non active electrodes, the substrate does not partici-
pate in the process and the oxidation is assisted by hydroxyl radicals
that are weakly adsorbed at the electrode surface. Pt is considered
an active anode, because it has high adsorption enthalpies strongly
attracting hydroxyl radicals on its surface, while PbO2 is classiﬁed
as non-active anode because it has low interaction with •OH.
Fig. 4 shows linear polarization curves of Ti/Pt, Pb/PbO2 and
Ti/TiO2-nanotubes/PbO2 electrodes obtained in 1.0 M H2SO4 with
a scan rate of 10 mV  s−1. The curves are very different from one
another and show that oxygen evolution potential depends of
the electrocatalytic material, increases from 1.0 V to 3.2 V versus
Ag/AgCl (3.0 M)  for Ti/Pt, Pb/PbO2 and Ti/TiO2-nanotubes/PbO2,
respectively. Ti/Pt exhibited a low oxygen evolution overpotential
starting near of 0.85 V increased slightly to 1.0 V where oxygen evo-
lution becomes more apparent. This low potential makes that Ti/Pt
be a good electrocatalysts for the oxygen evolution reaction, while
Pb/PbO2 and Ti/TiO2-nanotubes/PbO2 have high oxygen evolution
overpotential (Martínez-Huitle and Ferro, 2006), and consequently
are poor electrocatalysts for the OER (Martínez-Huitle and Panizza,
18 D.C.d. Moura et al. / Environmental Nanotechnology, Monitoring & Management 5 (2016) 13–20
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Fig. 5. Color removal efﬁciencies (%) during the EO treatment, as a function ofig. 4. Polarization curves at different electrodes obtained in 1 M H2SO4 with a scan
ate of 10 mV s−1. Electrode area: 4 cm2.
010). Oxygen evolution begins at 1.5 V for Pb/PbO2 electrode,
ust as for Ti/Pt, increased the current slightly to 1.8 V where oxy-
en evolution is evident. Otherwise, the potential of OER was
hifted to more positive potential when Ti/TiO2-nanotubes/PbO2
as employed. In this case, the oxygen evolution starts at 2.7 V,
ncreasing more strongly over 3.2 V (Fig. 4), disfavoring noticeably
he production of oxygen. This behavior indicates that the later
node could exhibit good electrocatalytic properties for electro-
hemical degradation of organic pollutants in solution, due to a
ow adsorption of oxidizing species generated on the surface as
ydroxyl radicals (Panizza and Cerisola, 2007; Martínez-Huitle and
anizza, 2010). In this context, an organic pollutant was chosen as
odel compound in order to verify these assertions regarding the
lectrocatalytic behavior of each one of anodes.
.3. Color removal and COD decay
EO experiments were performed in order to assess the decay
f color of the solutions depending on the anodic materials used
nd the applied current densities (20, 40 and 60 mA cm−2) of a 1.0 L
f solution containing 250 mg  dm−3 of the textile dye AB113 using
a2SO4 as supporting electrolyte. According to the UV–vis spectra
uring electrochemical treatment, the maximum absorption band
n the range of visible light (MAX 570 nm)  changed as a function of
ime when 20, 40 and 60 mA  cm−2 of current density were applied
sing Ti/Pt, Pb/PbO2 and Ti/TiO2-nanotubes/PbO2 anodes (data not
howed). The intensity of the visible band decreases continuously
ntil about 360 min, 180 min  and 120 min  of electrolysis, taking
nto account the solution total decoloration, in some instances (data
ot showed). The absorbance changes were reasonably rapid, with-
ut the appearance of new bands, indicating that during the ﬁrst
reatment stages there are mechanisms involving dye oxidation to
ther more simple organics (Panizza and Cerisola, 2007). Oxidation
f this complex molecule can result in formation of many aromatic
r aliphatic intermediates by elimination of chromophore groups
chromophore group cleavage) prior to production of aliphatic car-
oxylic acids and carbon dioxide (Sales Solano et al., 2011, 2012;
e et al., 2011; Oliveira et al., 2011; Pepió and Gutiérrez-Bouzán,
011; Ferreira et al., 2013; Cerro-Lopez et al., 2014). This outcome
s in agreement with data reported by other authors for the anodic
xidation of dyes or other pollutants by EO (Song et al., 2010; Sales
olano et al., 2011, 2012; Oliveira et al., 2011; Carvalho et al., 2011;
i et al., 2011; Molina et al., 2011; Pepió and Gutiérrez-Bouzán,
011; He et al., 2011; Hmani et al., 2012; An et al., 2012; Fernández
t al., 2012; Ammar  et al., 2012; Tavares at al., 2012; Ribeiro et al.,
013; Ferreira et al., 2013; Cerro-Lopez et al., 2014). The values of
olor removal and COD decay are shown in Fig 5 and Table 3.
Another feature that it is important to note is the difference
f the color removal and COD decay values obtained, these efﬁ-
iencies depend basically on the anode used. This behavior can beelectrical charge passed (Q), by applying different current densities (20, 40 and
60  mA cm−2) at platinum supported on Ti (Ti/Pt), lead dioxide (Pb/PbO2) and TiO2-
nanotubes decorated with PbO2 supported on Ti (Ti/TiO2-nanotubes/PbO2) anodes.
explained because at Ti/Pt, Pb/ PbO2 and Ti/TiO2-nanotubes/PbO2
anodes, the •OH formed by water oxidation (Eq. (1)) can be either
electrochemically oxidized to dioxygen (Eq. (5)) or contribute to the
complete oxidation of the organic compounds, in this case, AB113
dye (Eq. (6)):
M(•OH) → M + (1/2)O2 + H+ + e− (5)
AB113 + •OH → Intermediates →→→  CO2 + H2O (6)
However, the production of •OH radicals, adsorption of dyes and
by-products on the Pt electrode surface plays an important role
in the EO process. Ti/Pt is classiﬁed as active anode thus favoring
the oxygen evolution reaction which causes that its efﬁciency in
the degradation of organic pollutants decreases (Martínez-Huitle
and Ferro, 2006). In fact, this outcome is in agreement with the
polarization curves obtained in Fig. 4 and the ﬁgures obtained for
organic matter oxidation.
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Table  3
Values color removal (CR), COD decay in percentage, electrical energy cost (EEC) and energy consumption (EC), per volume of treated efﬂuent during anodic oxidation of
AB113 for: (i) different applied current densities (j) at different anodes. [AB113]0 = 250 mg  dm−3, electrolyte: Na2SO4 0.2 M.  Electrical charge (Q).
Experimental conditions Q (Ah dm−3) CR (%) COD (%) EC (kWh m−3) EEC real dollar
Anode j (mA cm−2)
Ti/Pt 20 7.62 93 13.7 48.5 14.56 6.5
40  7.62 66 9.5 73.2 21.98 9.9
60  7.62 51 7.2 57.7 17.33 7.8
Pb/PbO2 20 6.35 89 74.3 56.3 16.90 7.6
40  7.62 88 62.1 87.1 26.15 11.7
60  7.62 88 59.8 92.5 27.77 12.5
Ti/TiO2-nanotubes/PbO2 20 7.62 98 
40  7.62 98 
60  7.62 98 
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sig. 6. COD removal efﬁciencies, as a function of applied current density, achieved
t  different electrolysis times depending on j applied: 20 mA cm−2 (360 min),
0 mA  cm−2 (180 min) and 60 mA  cm−2 (120 min).
The mineralization of a 1.0 L of solution containing 250 mg  dm−3
f the textile dye AB113 using Ti/Pt not exceeds 15% of COD removal
nd a partial decolorization is reached after that 7.62 Ah dm−3 of
lectrical charge were passed (Fig. 6). Conversely, when Pb/PbO2
nd Ti/TiO2-nanotubes/PbO2 anodes were used, it was observed
hat the efﬁciency of the treatment was signiﬁcantly higher
egarding the color and COD removal, Figs. 5 and 6, respec-
ively. Higher COD removals were obtained ranging from 59.85%
o 92.50%, for the case of non-active electrodes (Pb/ PbO2 and
i/TiO2-nanotubes/PbO2). Comparing these two electrodes used
uring EO of AB113, prominent performances were obtained using
b/PbO2, removing 93.6% of color and decay 74.3% of COD by apply-
ng 20 mA  cm−2 (Figs. 5 and 6). However, a lower level of Pb2+
ollution was detected after electrochemical treatment by elec-
roanalytical measurements (Eiband et al., 2014). Conversely, at
i/TiO2-nanotubes/PbO2, no pollution of Pb2+ was detected (Eiband
t al., 2014) and high COD removals clearly demonstrated the oxi-
ation power of this non-active electrode independent on applied
urrent density, at different electrolysis times (Fig. 6). This can
e explained because at Ti/TiO2-nanotubes/PbO2 electrodes, •OH
adicals formed by water oxidation promoting the complete min-
ralization of AB113. However, color and COD removals decreased
hen an increase on current density was achieved. This behavior
s due to the promotion of OER when an increase in the applied
urrent density was attained. It can be also conﬁrmed by the polar-
zation curves that demonstrated the higher production of oxygen
t higher current values (see Fig. 4).
.4. Energy consumption estimationBased on the COD values obtained at different j (20, 40 and
0 mA  cm−2), CE were estimated. Table 3 shows the energy con-
umption required per volume of treated efﬂuent at different92.5 39.2 11.77 5.3
89.8 58.2 17.47 7.8
88.4 70.3 21.10 9.5
current densities. As it can be observed, during the electrolysis
of the dye efﬂuent, the energy consumption seems to be propor-
tional to the applied current density. For example, it increases
from 48.5 to 57.7 kWh  and from 56.3 to 92.5 kWh  per m−3 of
efﬂuent treated when the current density passes from 20 to
60 mA  cm−2 for Ti/Pt and Pb/PbO2, respectively. Conversely, using
Ti/TiO2-nanotubes/PbO2 electrode, low energy consumption are
achieved when compared with Ti/Pt and Pb/PbO2 anodes. Finally,
taking into consideration an electrical energy cost of about R$ 0.3
(Brazilian price, taxes excluded) per kWh  (Agência Nacional de
Energia Elétrica, Brazil), the process expenditure was estimated
and reported in Table 3. This price was  also converted to dollar and
reported in the same table. Analyzing this information, we  could
propose the anode of TiO2-nanotubes decorated with PbO2 as an
efﬁcient and economical material for the EO treatment of textile
efﬂuents containing azo dye as AB113.
3.5. Final byproducts identiﬁcation
As the most important performances were achieved at Ti/TiO2-
nanotubes/PbO2 anode, some samples were collected and analyzed
by gas chromatography coupled with mass spectrometry (GC/MS)
technique. The identiﬁcation of by-products was carried out by
probability based matching between mass spectra obtained from
detected peaks and mass spectra from NIST Library (National
Institute of Standards and Technology Library). Based on the sig-
nals obtained by GC/MS technique, 1-naphthalenol in retention
time (rt) of 17.44 min  was detected as well as 1,6-dimethyl-4-(1-
methylethyl)-naphtalene (rt = 21.67 min) and dibutyl phythalate
(rt = 24.67 min). 1-Naphthalenol may  be a by-product formed by the
direct attack of the •OH on azo group. Meanwhile, dibutyl phytha-
late is a product of the successive attack of the hydroxyl radical on
one of the aromatic rings of the naphthalene. Both aromatic prod-
ucts not absorb in the visible spectrum, supporting the complete
color removal efﬁciencies in the solution. Finally these aromatic
intermediates are completely transformed to CO2 because higher
efﬁciencies of COD removal were achieved.
4. Conclusions
In this study, the large PbO2 electrode composed of orderly
arranged TiO2 nanotubes was ﬁrstly synthesized via a simple,
rapid, and efﬁcient electrochemical approach. Compared with Ti/Pt
and Pb/PbO2 electrodes, this prepared Ti/TiO2-nanotubes/PbO2 can
promote the remarkable enhancement in the performances of elec-
trocatalytic materials for treatment of wastewaters. EO of AB113
dye with Ti/TiO2-nanotubes/PbO2 electrode demonstrated to be a
promising wastewater treatment technology. The results clearly
demonstrated that the type of anode and current density employed
play an important role in the efﬁciency of color removal process, as
well as the organic load abatement, mainly due to anode mate-
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